Prenatal stress exposure (PSE) is known to increase addiction risk. Dopamine (DA) neurons in the ventral tegmental area (VTA) play an important role in addiction. In order to understand the cellular mechanisms underlying PSE-induced increase in addiction risk, we examined the effects of PSE on the electrical impulse activity of VTA DA neurons using the in vivo extracellular single-unit recording technique. Amphetamine self-administration was also conducted to confirm increased addiction risk after PSE. The PSE was carried out by restraining pregnant dams from GD 11 to 20. Adult male offspring (3-6 months old) were used in the experiments. Animals with PSE showed enhanced amphetamine self-administration compared with controls when amphetamine dose was reduced after acquisition. The number of spontaneously active VTA DA neurons was also reduced in PSE rats. The reduction was reversed by acute apomorphine that normally inhibits the impulse activity of DA neurons. The reversal effect suggests that PSE-induced reduction in the number of spontaneously active VTA DA neurons is caused by overexcitation to the extent of depolarization block. Furthermore, the reduced number of spontaneously active VTA DA neurons was also reversed by acute psychostimulants (eg, amphetamine; cocaine), which in control rats inhibited the activity of VTA DA neurons. The reversal effect on VTA DA neuron in PSE animals represents an actual increase in the impulse activity. This effect might contribute to increased responding to psychostimulants and mediate increased addiction risk after PSE.
INTRODUCTION
There are individual differences in the risk for developing drug addiction. Only a proportion of individuals develop drug addiction after using drugs repeatedly (Everitt et al, 2008) . Ample evidence from clinical studies show that stress during the perinatal period (prenatal and early postnatal) in the form of mental or physical stress could lead to increased addiction risk during adulthood (Charmandari et al, 2003) .
Results from animal studies also show that perinatal stress leads to behavioral phenotypes associated with increased addiction risk including increased locomotor activity to novelty (Piazza et al, 1989) , anxiety/depression-like behaviors, impulsivity, enhanced hypothalamic-pituitaryadrenal (HPA) axis reactivity, and locomotor sensitization to psychostimulants (Deminiere et al, 1992; Maccari and Morley-Fletcher, 2007; Marinelli and Piazza, 2002) . Perinatal stress also directly leads to increased addiction risk demonstrated by enhanced acquisition (Deminiere et al, 1992; Thomas et al, 2009) , greater resistance to extinction training, and enhanced drug-induced reinstatement in the psychostimulant self-administration paradigm (Kippin et al, 2008) .
Despite strong evidence linking perinatal stress with increased addiction risk, the cellular mechanisms mediating this effect are not well understood. Results from previous animal studies show that adaptational changes in the mesolimbic/cortical dopamine (DA) systems, which are the major targets for drugs of abuse (Koob and Le Moal, 1997) , could play a critical role in addiction. Specifically, the changes in DA neuron cell body areas located in the ventral tegmental area (VTA) are important in mediating addiction or increased addiction risk. For example, intra-VTA administration of psychostimulants enhances the subsequent cocaine self-administration (Suto et al, 2003) and reinstates drug-seeking behavior (Shaham et al, 2003) . In addition, numerous studies report increased glutamate synaptic transmission in VTA DA neurons after psychostimulant, ethanol, or stress exposure, the conditions known to increase addiction risk (Borgland et al, 2004; Fitzgerald et al, 1996; Ortiz et al, 1995; Saal et al, 2003; Ungless et al, 2001; White et al., 1995; Zhang et al, 1997) . Directly enhancing and blocking glutamate receptor expression in VTA DA neurons lead to increased responding to drug reward (Carlezon et al, 2000) , and prevent enhanced psychostimulant self-administration (Suto et al, 2003) , respectively.
Consistent with the finding that increased glutamate neurotransmission in VTA DA neurons is an important cellular mechanism for increased addiction risk, exposure to psychostimulants or ethanol leads to persistent overexcitation in VTA DA neurons recorded in vivo, presumably to the degree of depolarization block (Shen and Choong, 2006; Shen et al, 2007) and enhanced sensitivity to psychostimulants (Xu and Shen, 2001 ). These findings suggest that overexcitation of VTA DA neurons could contribute to increased addiction risk after perinatal stress exposure. In this study, we investigated this possibility by examining the impact of prenatal stress exposure (PSE) on the spontaneous electrical impulse activity of VTA DA neurons and their responses to psychostimulants. The amphetamine self-administration procedure was also used to verify that the PSE paradigm could indeed lead to increased addiction risk.
MATERIALS AND METHODS

Subjects and PSE Procedures
All procedures involving animals were in accordance with the National Institutes of Health and American Association for Accreditation of Laboratory Animal Care guidelines, and approved by the University at Buffalo Institutional Animal Care and Use Committee. Adult male (300-450 g) and virgin female (225-250 g) Sprague-Dawley rats were housed together under a 12/12 light/dark cycle until vaginal plugs were found (o10 days). Pregnant dams were randomly assigned to the control or PSE group and housed two per cage until gestational day (GD) 20. Afterward, dams were single housed. Each dam in the PSE group was restrained in a rodent restrainer (IITC Life Science, Woodland Hills, CA) for 45 min, 3 times/day under a bright light (6500 lux) from GD 11 to 20 (Maccari et al, 2003) . Pups were culled to 8 on postnatal day 1 (PD1). Control dams received no treatment or handling except regular cage cleaning. Male offspring between 2 and 5 months of age were used. Locomotor activities were measured in locomotor chambers for 1 h in 7-week-old rats.
Jugular Vein Surgery
Rats were anesthetized with ketamine/xylazine (65 mg/kg and 15 mg/kg; i.p.). The external jugular vein was implanted with a heparinized cannula (Instech, Plymouth Meeting, PA) connected to an injection port in a harness (Instech). Rats were allowed to recover for at least 5 days after surgery. The catheters were flushed daily with 0.1 to 0.2 ml solution of enrofloxacin (4 mg/ml) and heparinized saline (50 IU/ml) to preserve catheter patency.
Electrophysiology
The in vivo extracellular single-unit recordings were conducted under ketamine (20 mg/kg; i.p.) and urethane (15 min after ketamine; 1.0-1.5 g/kg; i.p.) anesthesia (Brischoux et al, 2009) . The skull and dura over the VTA were removed. The tail vein was cannulated in some rats for intravenous drug administration. Body temperature was monitored and maintained between 36.51C and 37.51C. Heart rate and blood oxygen saturation were monitored. Recordings were limited to rats with heart rate between 280 and 400 beats/min and blood oxygen above 90%. The attrition rate was o5%.
Recordings were carried out with glass micropipettes (1.5 mm o.d.; World Precision Instruments, Sarasota, FL) filled with 2 M sodium chloride (impedance: 2 to 4 M at 135 Hz). DA neurons were identified by characteristics previously described (positive-negative waveform, wide action potential duration, slow firing rate, and irregular or burst firing pattern) (Grace and Bunney, 1983) . The cellsper-track technique was performed to sample the number of spontaneously active VTA DA neurons per electrode track (population activity), firing rate, and burst firing pattern (Bunney and Grace, 1978) . The recording electrode was passed through a stereotaxically defined block in the VTA (coordinates in mm: 2.8-3.4 anterior to interaural line; 0.6-1.0 lateral; 6.5-8.5 mm below the brain surface) systematically 12 times. The distance between tracks was 200 mM. The spontaneous electrical impulse activity from each DA neuron was recorded for 2-5 min online using the Datawave Sciwork software (Datawave Technologies, Loveland, CO). Mean firing rate of DA neurons was determined from DA neurons pooled within each group. Burst firing pattern was obtained from 300 to 500 spikes in each VTA DA neuron by analysis of interspike intervals. The onset and termination of a burst were defined by an interspike interval of o80 ms and 4160 ms, respectively (Grace and Bunney, 1984) . Doublets were excluded in this study. The following parameters were used: burst number (percentage of total spikes within bursts), burst length (mean number of spikes within each burst), and percentages of burst cells (neuron with a burst number 410%) per group (Shen et al, 1994) .
Pharmacological challenges were used to examine the potential mechanisms underlying changes in the activity of VTA DA neurons (see Shen and Choong, 2006) for detailed rationale). Recording was first performed on one side of VTA (randomly assigned) to establish the basal activity. At 20 min after the pharmacological challenge (20 mg/kg apomorphine, 0.3 mg/kg amphetamine, or 5 mg/kg cocaine; i.v.; Sigma, St Louise, MO), the recording procedure was repeated on the second side of VTA.
Amphetamine Self-Administration
After 2 days of habituation (1 h/day) in the operant chambers, rats were trained to nose poke to acquire i.v. amphetamine infusions (0.1 mg/kg/infusion) on a fixed ratio (FR) 1 schedule for 2 h. Each infusion was delivered over 5-7 s with a maximum fluid volume of 0.12 ml/ infusion. A maximum of 20 infusions/day was allowed. After rats acquired the FR 1 schedule (acquisition criterion: 17 infusions for 2 consecutive days), they were trained on the FR 2 schedule followed by the FR 3 schedule. Then, the amphetamine dose/infusion was decreased to 0.033 mg/kg for 3 days followed by 0.011 mg/kg for 3 days and 0.000 mg/ kg for 3 days on the FR 3 schedule. The maximal number of infusions for 0.033, 0.011, and 0.000 mg/kg amphetamine was 40. Data analysis was conducted only in rats with patent cannula at the end of the self-administration experiments.
Data Analysis
The group comparisons for electrophysiological or selfadministration data were made by one-way or two-way analysis of variances (ANOVA) followed by Fisher's least significance difference (LSD) post hoc comparison test (Statistica Software, Tulsa, OK). When there were multiple dependent variables (such as pup numbers in each gender), multivariate analysis of variances (MANOVA) was used. Independent t-test was used for two-group comparisons. Pearson's product-moment correlation was used to compute the correlation coefficients and Fisher's 'r-to-z' transformation and z-test were used to test the differences among the correlation coefficients between firing rate and burst number. The w 2 test was used to analyze differences in the percent of bursting cells.
RESULTS
Birth Outcome
A total of 48 dams were used in this study. Parturition rate did not differ in the control (18/20; 90%) and the PSE (20/ 28; 71%) dams (w 2 test). One litter from the control and three litters from the PSE group had litter size o8. These litters were not used. There were no differences in overall litter size or litter size by gender (MANOVA, Figure 1a ). There was a difference in pup weight on PD1. Univariate ANOVA followed by MANOVA (Wilks' l ¼ 0.61; F 3, 30 ¼ 6.40, Po0.01) revealed that differences were in average pup weight/litter (control: 6.74 ± 0.14 g; PSE: 6.17 ± 0.11 g; Po0.01; Figure 1b ), average male pup weight/litter (male control: 6.89±0.15 g; male PSE: 6.25±0.12 g; Po0.01; Figure 1b ), and female pup weight/litter (female control: 6.55 ± 0.15 g; female PSE: 6.10 ± 0.11 g; Po0.05; Figure 1b) . These results are similar to that described by others using the same PSE paradigm (Lesage et al, 2004) . There were no differences in adult weight in rats used in the electrophysiological experiments from PD60-150 between the control and PSE groups ( Figure 1c) . Consistent with the phenotype of increased addiction risk, the PSE animals exhibited higher locomotor activity in a novel environment (t-test, t 38 ¼ 2.21, Po0.05; Figure 1d ).
Prenatal Stress Exposure Increased the Responding to Amphetamine in the Self-Administration Experiment
The results from the amphetamine self-administration experiment show that PSE did not affect amphetamine self-administration during acquisition when the dose was 0.1 mg/kg/infusion in active responses, infusions, or days to criterion (Control: 7.7±0.4; PSE: 7±0.4 days; Figure 2a and b). There were also no differences in these parameters between the control and PSE groups on the FR 2 or FR 3 schedule (Figure 2c ). After amphetamine dose was reduced The mean birth bodyweight was significantly lower in pups with PSE than in control animals. The lower pup weight was reflected in both genders. The birth weight was measured on postnatal day 1. (c) The adult body weight did not significantly differ in control and PSE animals. The correlation coefficients between age and bodyweight did not differ between control and PSE animals. (d) The locomotor activity in response to novelty (1 h measurement) was significantly higher in the adult rats with PSE than in control rats. *Po0.05; **Po0.01.
to 0.033 mg/kg/infusion while the rats were still on the FR 3 schedule, the PSE animals self-administered significantly more than the control animals (control: 28.5 ± 4.7 infusions; PSE: 38.7 ± 4.6 infusions; t-test, t 11 ¼ 2.30, Po0.05; Figure 2d ; data were averaged over the last 2 days). When the amphetamine dose was further lowered to 0.011 or 0.000 mg/kg/infusion, no differences were observed between groups (Figure 2d ). The results show that PSE animals exhibited significantly greater responses to the 0.033 mg/kg amphetamine dose than control animals.
Prenatal Stress Exposure Led to a Persistent Reduction in VTA DA Neuron Population Activity During Adulthood
The PSE effect on the spontaneous electrical impulse activity in VTA DA neurons in vivo was examined in adult rats. The result shows that the number of spontaneously active VTA DA neurons sampled per electrode track (population activity) was reduced (0.53 ± 0.10 cells per track, n ¼ 21) by 38% in PSE animals when compared with control (0.86 ± 0.07 cells per track, n ¼ 17; t-test, t 36 ¼ 2.57; Po0.05; Figure 3a ), indicating that PSE leads to a longlasting change in VTA DA neuron function during adulthood.
The firing rate and burst firing activity were randomly collected in a subset of spontaneously active VTA DA neurons. The mean firing rate of the remaining spontaneously active VTA DA neurons in PSE rats was 5.00 ± 0.16 spikes/s (n ¼ 137), which was not different from that obtained from the control rats (5.12±0.17; n ¼ 110; Figure 3b and c). No differences were found in the burst firing pattern. The proportions of bursting neurons were not different between the control and PSE rats (control: 32%; PSE: 39%; w 2 test). Within the bursting neurons, the burst lengths were 4.7±0.3 spikes/burst (n ¼ 35) and 5.0 ± 0.2 spikes/burst (n ¼ 50) in the control and PSE rats, respectively. The burst numbers were 32.1 ± 2.9% (n ¼ 35) and 31.25±2.4% (n ¼ 50) in the control and PSE animals, respectively. Previous studies show a tight relationship between the firing rate and burst firing activity in DA neurons (Shen et al, 1994) . This relationship was investigated. The correlation coefficients between firing rate and burst number or burst length from all (nonbursting and bursting) VTA DA neurons were compared between the control and PSE animals. We found no differences in these correlations (z-test followed by Fisher's r-to-z transformation; Figure 3d1 , d2, e1, and e2). These results reveal that although there were fewer spontaneously active VTA DA neurons in PSE animals, the electrical impulse activity in the remaining spontaneously active neurons was normal.
The Reduction in Basal VTA DA Neuron Population Activity Was Reversed by Acute Apomorphine or Psychostimulant Administration
Apomorphine was used as the inhibitory agent (i.v.; 3-20 mg) to test the possibility of depolarization block. The results showed opposite effects of apomorphine in control and PSE rats (ANOVA with repeated measures interaction effect; F 1, 7 ¼ 21, Po0.01). In control rats, apomorphine led to reduced VTA DA neuron population Figure 2 The effect of PSE on amphetamine self-administration in adult rats. (a, b) Amphetamine self-administration (0.1 mg/kg/infusion) during the acquisition phase under a fixed ratio 1 (FR 1) schedule did not differ between the control and PSE groups in the number of active responses (a; nose pokes) or infusions (b) during the first 8 days. (c) There were no differences in the number of infusions when the schedule was changed from FR 1 to FR 2, or FR 3 at the dose of 0.1 mg/kg/infusion of amphetamine. Data were averaged from last 2 days of each fixed ratio schedule. (d) The PSE group displayed enhanced self-administration when amphetamine dose was reduced to 0.033 mg/kg/infusion, illustrating increased amphetamine sensitivity in these animals. *Po0.05.
Prenatal stress on dopamine neurons K Hausknecht et al activity as expected (from 1.00±0.10 to 0.47±0.18 cells per track; 53% reduction; n ¼ 3; Po0.05; Figure 4a ). In PSE rats, apomorphine reversed the reduced VTA DA neuron population activity to control levels (from 0.28±0.07 to 0.75 ± 0.09 cells per track; 165% increase; n ¼ 6; Po0.01; Figure 4a ). The result supports the fact that PSE-induced reduction in VTA DA neuron population activity was caused by excessive excitation to the extent of depolarization block (Bunney and Grace, 1978) . In our previous study, psychostimulants have been shown to reverse the reduced VTA DA neuron population activity due to depolarization block (Xu and Shen, 2001 ). Therefore, we studied the effects of acute amphetamine and cocaine administration. Amphetamine (0.3 mg/kg; i.v.) or cocaine Figure 3 The effects of PSE on the number of spontaneously active VTA DA neurons in adult animals. (a) The number of spontaneously active VTA DA neurons (VTA DA neuron population activity) was persistently and significantly reduced in adult animals (3-6 months old). (b) There was no change in the firing rate in the remaining spontaneously active VTA DA neurons in PSE animals. (c1, c2). The distributions of the firing rate data in control and PSE animals. (d1, d2). Burst firing pattern measured by the correlation between firing rate and burst length (mean number of action potentials within a burst) did not differ between the control and PSE groups. (e1, e2) Burst firing pattern measured by the correlation between firing rate and burst number (proportion of action potentials within bursts) did not differ between the control and PSE groups. Results in (c, d, and e) indicate that the remaining spontaneously active VTA DA neurons in PSE animals display normal firing activity. *Po0.05.
Prenatal stress on dopamine neurons K Hausknecht et al (5 mg/kg, i.v.) exerted opposite effects on VTA DA neuron population activity in control and PSE rats (ANOVA with repeated measures interaction effect: F 1, 17 ¼ 21.6, Po0.001). Amphetamine or cocaine administration inhibited VTA DA neuron population activity in control rats (from 0.98 ± 0.09 to 0.38 ± 0.07 cells per track; 61% reduction, n ¼ 9, Po0.001; Figure 4b and c), but reversed the reduced VTA DA neuron population activity in PSE rats (0.50±0.09 to 0.73 ± 0.07 cells per track; 46% increase; n ¼ 10, Po0.01; Figure 4b and c). Amphetamine did not (0.58 ± 0.14 to 0.62±0.17 cells per track; n ¼ 4; Figure 4b ) but cocaine significantly reversed reduced VTA DA neuron population activity in PSE animals (from 0.44 ± 0.14 to 0.81 ± 0.08 cells per track, Po0.05; increased by 81.8%, n ¼ 6; Figure 4c) . Interestingly, the population activity in two PSE rats was inhibited by amphetamine or cocaine administration, an effect similar to that observed in control rats. The basal population activity in these rats appeared 'normal' and not reduced as observed in other PSE animals. This observation suggests that individual differences in the PSE effect and there are VTA DA neuron population activity in a small proportion of the PSE animals was not affected. When the two 'normal' PSE rats were excluded, a significant reversal effect was observed in PSE animals with either acute amphetamine (0.47 ± 0.15 to 0.72 ± 0.20 cells per track; 53% increase; n ¼ 3, Po0.05 following a significant group and amphetamine treatment interaction effect: F 1, 4 ¼ 60, Po0.001) or cocaine (0.35 ± 0.14 to 0.85 ± 0.09 cells per track; 143% increase; n ¼ 5; Po0.05 following a significant group and cocaine treatment interaction effect: F 1, 9 ¼ 24.42, Po0.001) treatment.
DISCUSSION
The results from the present studies show that PSE by maternal restraint leads to persistent behavioral changes during adulthood, including increased locomotor activity in a novel environment and enhanced responses to psychostimulants in the drug self-administration experiment. The amphetamine self-administration paradigm used in this study has been employed previously to investigate individual differences in increased responding to psychostimulants (Cain et al, 2008) and its association with increased addiction risk. Therefore, the results from this study are in agreement with previous animal and clinical studies demonstrating that PSE leads to increased addiction risk and associated behavioral phenotypes (Charmandari et al, 2003; Deminiere et al, 1992; Kippin et al, 2008; Moffett et al, 2007; Thomas et al, 2009) .
To understand the cellular mechanisms mediating the increased addiction risk, we investigated PSE-induced changes in the spontaneous electrical impulse activity in VTA DA neurons in adult rats. The results show that the PSE paradigm that leads to increased locomotor activity to novelty and response to amphetamine also causes a persistent reduction in the spontaneous activity of VTA DA neurons recorded in adult animals. The effect is reflected in the number of VTA DA neurons displaying spontaneous activity (number of spontaneously active neurons; population activity). The firing rate and firing pattern of the remaining spontaneously active VTA DA neurons are not altered. Furthermore, the PSE-induced reduction in VTA DA neuron population activity can be reversed by acute administration of apomorphine, which reduces the population activity of VTA DA neurons in control animals. These observations-reduced DA neuron population activity, normal firing rate/pattern in the remaining spontaneously active neurons, and the reversal effect on population activity by inhibitory agents-are similar to that described after repeated antipsychotic treatment in previous studies (Grace et al, 1997) . It has been proposed that the underlying mechanism for such effects is depolarization block (Grace et al, 1997) . Namely, a proportion of DA neurons are overexcited, leading to depolarized membrane potential and impaired action potential generation.
The state of depolarization block and the cessation of impulse activity have been directly characterized in other brain areas utilizing the in vivo intracellular recording Figure 4 The reversal of PSE-induced reduction in the number of spontaneously active VTA DA neurons by inhibitory agents including psychostimulants. (a) Apomorphine (20 mg/kg) decreased and increased the number of spontaneously active VTA DA neurons (population activity) in control and PSE animals, respectively. Line graphs indicate the changes in individual animals. (b) Amphetamine (0.3 mg/kg) decreased VTA DA neuron population activity in control, but not in PSE animals. (c) Cocaine (5 mg/kg) decreased and increased VTA DA neuron population activity in control and PSE animals, respectively. Note that in (b, c), a small proportion of PSE animals displayed normal VTA DA neuron population activity before psychostimulant administration. In these animals, amphetamine or cocaine administration decreased the population activity, an effect similar to that observed in control animals. *Po0.05; **Po0.01 significant difference before and after acute pharmacological challenge.
Prenatal stress on dopamine neurons K Hausknecht et al techniques (Bragin et al, 1997) . However, this technique is extremely challenging for recording VTA DA neurons. Only one study has demonstrated depolarization block in several DA neurons after repeated antipsychotic treatment (Grace and Bunney, 1986) . Conversely, increasing inhibitory tone by different means (eg, local administration of GABA, activation of inhibitory inputs, and apomorphine) has been shown to reverse the reduced DA neuron population activity (Choong and Shen, 2004; Shen and Chiodo, 1993) . These observations provide strong, although indirect, support for the depolarization block hypothesis.
In this study, we also observe that acute psychostimulant (cocaine and amphetamine) administration reverses PSEinduced reduction in VTA DA neuron population activity. It is well known that psychostimulant administration leads to increased DA level in DA neuron target and cell body areas by blocking DA reuptake and/or increasing DA release (Kalivas and Stewart, 1991) . In the cell body area, this effect leads to the activation of D 2 -like somatodendritic DA autoreceptors and the inhibition of DA neuron activity (Bunney and Grace, 1978) . The inhibitory effect by acute amphetamine or cocaine administration on VTA DA neuron is indeed observed in control rats. Therefore, the reversal effect by these psychostimulants in PSE rats, similar to that of apomorphine, further supports that depolarization block is the underlying mechanism for PSE-induced reduction in VTA DA population activity. Importantly, the altered responses to psychostimulants in PSE animals could mediate increased responding to these drugs (eg, in locomotor activity and self-administration; Deminiere et al, 1992; Kippin et al, 2008; Silvagni et al, 2008; Thomas et al, 2009 ) and increased addiction risk in PSE rats. These behavioral characteristics are similar to those observed after repeated psychostimulant exposure (Suto et al, 2002) . It is demonstrated that locomotor sensitization is mediated by a greater increase in DA level in nucleus accumbens (Kalivas and Stewart, 1991) . In this study, we observe that in PSE rats, acute psychostimulants reverse the reduced VTA DA neuron population activity, an effect representing an overall increase in the impulse activity and is likely to enhance impulse-dependent DA release (Lodge and Grace, 2006) . Therefore, the reversal effect could contribute to increased responding to psychostimulants in PSE rats.
The reduced VTA DA neuron population activity and its reversal by inhibitory agents including psychostimulants in PSE rats are also observed following exposure to drugs of abuse. Specifically, reduced VTA DA neuron population activity has been observed after prenatal exposure to ethanol (Choong and Shen, 2004; Shen et al, 1999; Xu and Shen, 2001) or repeated adulthood exposure to ethanol, cocaine, amphetamine, methyphenidate, or nicotine (Shen et al, 2007) . In addition, the reversal effect on population activity by acute amphetamine is described after prenatal ethanol treatment (Xu and Shen, 2001) . Results from both clinical and animal studies have shown that previous exposure to drugs of abuse lead to increased addiction risk (Malanga and Kosofsky, 2003; Spear and Molina, 2005) . Therefore, the reduced VTA DA neuron population activity by overexcitation/depolarization block could be a common and critical cellular mechanism for increased addiction risk.
The reduced VTA DA neuron population activity in PSE rats should lead to decreased impulse-dependent DA release in the target areas (Lodge and Grace, 2006) . Several studies have investigated possible changes in DA levels after PSE. Reduced DA turnover in nucleus accumbens is reported in female rats with PSE, suggesting decreased DA release (Mastorci et al, 2009) . Microdialysis studies find that PSE leads to an increase in both basal and amphetaminestimulated DA levels in nucleus accumbens (Silvagni et al, 2008) , but a decrease (Mokler et al, 2007) or no changes (Carboni et al., 2010) in basal level of DA in the prefrontal cortex. The cause for these differences is not clear. However, they could be influenced by various protocols that differ in timing/duration, and the nature of PSE exposure. They could also be influenced by PSE effects on impulseindependent DA release in target areas controlled by local forebrain synaptic regulatory mechanisms (Rice et al., 2011) . The results from this study suggest that reduced VTA DA neuron population activity in PSE rats is due to overexcitation/depolarization block. It is conceivable that PSE at a lesser degree could result only in increased excitation in VTA DA neurons but not to the extent of depolarization block, which leads to increased impulsedependent DA release. This possibility is supported by an unusually high VTA DA neuron population activity in some PSE rats (Figure 1a ). This possibility is also supported by a dichotomized pattern (either higher or lower) in VTA DA neuron population activity after repeated low-dose methyphenidate treatment (Shen and Choong, 2006) . Future studies are required to examine if PSE effects on VTA DA neuron activity are different following various PSE paradigms.
The mechanisms mediating PSE-induced reduction in VTA DA neuron population activity are unclear. Existing evidence points to a possible role of increased glutamate neurotransmission via elevated stress hormones. It has been shown that elevated glucocorticoids in stressed mothers could persistently affect the HPA axis in developing fetuses (Maccari and Morley-Fletcher, 2007; Weinstock, 1997) . Indeed, PSE leads to increased basal corticosterone level and blunting of HPA axis negative feedback control, resulting in a prolonged increase in glucocorticoid level after acute stress. Interestingly, stress hormones (eg, glucocorticoids and corticosterone-releasing factor) can facilitate the AMPA and NMDA receptor-mediated glutamate neurotransmission in VTA DA neurons (Daftary et al, 2009; Overton et al, 1996) , suggesting that PSE-induced increase in VTA DA neuron excitation could be mediated by augmented glutamate neurotransmission. A recent study showing that acute stress increases whereas chronic stress decreases the population activity of VTA DA neurons (Velanti et al., 2012) supports that stress hormones could modulate the activity of VTA DA neurons in a dynamic way. It is tempting to speculate that the decreased population activity by chronic stress is due to overexcitation/depolarization block.
This notion is consistent with the current understanding that increased glutamate neurotransmission in VTA DA neurons is a critical cellular mechanism of addiction. For example, enhancing the expression in GluR2-lacking AMPARs in the VTA DA neurons leads to increased sensitivity to drug reward (Carlezon et al, 2000) , whereas blocking glutamate receptors in the VTA during psychostimulant pre-exposure prevents enhanced psychostimulant self-administration (Suto et al, 2003) . Exposure to psycho-stimulants, ethanol, or stress leads to augmented AMPA receptor function and greater glutamate synaptic strength in VTA DA neurons (Argilli et al, 2008; Bellone and Luscher, 2006; Borgland et al, 2004; Chen et al, 2008; Churchill et al, 1999; Fitzgerald et al, 1996; Ortiz et al, 1995; Saal et al, 2003; Stuber et al, 2008; Ungless et al, 2001; Zhang et al, 1997) . Therefore, increased glutamate neurotransmission might contribute to PSE-induced overexcitation/depolarization block in VTA DA neurons and mediate the increased responding to psychostimulants and addiction risk.
In summary, the results from this study show that PSE facilitates locomotor activity to novelty/amphetamine selfadministration and reduces VTA DA neuron population activity during adulthood. The latter effect is presumably mediated by overexcitation/depolarization block. We suggest that the reversal effect on VTA DA neuron activity by psychostimulants could lead to increased DA release and mediate enhanced responding to psychostimulants and increased addiction risk in PSE rats. Furthermore, the PSEinduced reduction in VTA DA neuron population activity by overexcitation/depolarization block is consistent with current understanding that increased glutamate neurotransmission in VTA DA neurons is a critical mechanism for addiction. The PSE-induced effect on VTA DA neurons is also observed in animals with prenatal or repeated drug exposure, which are known to increase addiction risk, raising the possibility that this effect is a common mechanism for increased addiction risk and could be used as a model in developing possible pharmacological interventions to prevent addiction in high-risk individuals.
